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The contents of this report reflect the views of the Office of Materials
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accuracy of the data presented herein. The contents do not necessarily reflect
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Administration. This report does not constitute a standard, specification, or

regulation.

Neither the State of California nor the United States Government endorse
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

With the increased use of mineral admixtures in concrete, a better
understanding 'of their properties and their effect on hardened concrete is
needed. One of the several advantages of mineral admixtures like flyash and
silica fume is their control or reduction of alkali-silica reactivity expansion.
The objective of the research described in this report was to determine how to
use mineral admixtures in concrete to mitigate alkali-silica reactivity (ASR)

expansion.

Alkali-silica reactivity was first recognized in California more than 50 years
ago. Since then, the number of concrete deterioration cases linked to ASR has
increased rapidly throughout the world. Intensive research (references 1-23)
has been conducted worldwide to find solutions to this problem. Using only
nonreactive aggregate is a very trivial, impractical solution. Thomas
Stanton’sl> 2 work at the Transportation Laboratory in Sacramento, California,

led to the specification of low_alkali cement [less than 0.60% equivalent alkalies
 content - (Na,0 + 0.658 K,0)] beginning in 1940. It was concluded at that time
that the use of low alkali cement lwould effectively mitigate expansion due to
ASR. But it was found that this was only a partial solution to a complex

problem.

A practical and economical means of controlling ASR expansion in concrete is
by the use of pozzolanic mineral admixtures such as flyash, ground granulated
blast furnace slag, natural pozzolans, rice hull ash, and silica fume. A number

of studies have been completed on the use of these and other pozzolanic
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materials to mitigate ASR expansion. Despite much detailed research,
however, there are several aspects of the role of mineral admixtures in ASR
that are not fully understood. For example, there is not a single, universally
accepted explanation of the mechanism of ASR expansion. Further, the
reported effects of pozzolanic additions on ASR expansion is variable. The
effect appears to depend on the type of reactive aggregate, the type of mineral
admixture, alkali content of the cement and replacement rates of cement by

pozzolan.

In California, the problem of ASR may have been aggravated by the adoption of
sand equivalent and cleanness value specifications for fine and coarse
aggregates (California Test 217 and 227, respectively). These tests were
designed to eliminate clay coatings on the aggregate. However, clay size sand
- particles are also measured as detrimental clay. When these fine particles are
formed from reactive aggregates, they act as a pozzolanic material, helping to

mitigate the ASR expansion.

Since 1985, the California Department of Transportation has specified 15%
replacement of portland cement with a pozzolanic mineral admixture when the
aggregate to be used is identified as deleterious or potentially deleterious by
ASTM C 289, “Standard Test Method for Potential Reactivity of Aggregates."
With the implementation of this specification, it has become important that
time dependent characteristics (creep} of concrete made with pozzolan be

investigated and defined as completely as possible.
12 LITERATURE SURVEY ON ALKALI SILICA REACTION (ASR) EXPANSION

The mechanism of the alkali-silica reaction (ASR} and expansion has created a
great deal of interest among researchers throughout the world. Extensive work

has been carried out to explain the physical and chemical mechanisms
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involved in alkali-silica reaction expansion as well as the manner and extent to
which mineral admixtures influence ASR expansion. Several theories have
been proposed to explain the mechanism by which ASR causes expansion

within the concrete.

In 1955, Powers and Steinour3 postulated that an alkali-silica complex is
expansive and that a lime-alkali-silica complex is non-expansive. They also
explained the role of Ca{OH), in ASR expansion. According to them, the attack
of sodium and calcium hydroxides on reactive silica forms a layer of non-
expansive lime-alkali-silica complex which separates the unreacted silica from
the lime and alkali in the concrete pore solution. During further attack on the
silica, lime and/ or alkali external to the non—éxpansive layer determines the
type of complex produced in the silica grain. If the ratio of lime to alkali is
high, then non-swelling gel is formed. If the lime to alkali ratio is low, then
expansive alkali-silica gel is formed, resulting in expansion and, eventually,

cracking of the concrete.

In 1989, Chatterjil® presented an alternate hypothesis to expiain the
mechanism of ASR expansion. He did not accept the non-expansive nature of a
lime-alkali-silica complex. His explanation was based on the net amount of
material which diffuses into a reactive grain. The attack of OH- on the silica
~ grains is by the penetration of cations (i.e., Na¥, K“',A and Ca™) to the reaction
sites. The cations follow the penetration of the OH- ions into reactive silica
grains. The smaller K* and/or Na* ions will penetrate in greater numbers than
the larger Ca**. The Ca** ion concentration in the vicinity of the reactive
grains controls the rate at which silica diffuses out of the grains. The higher
the concentration of Ca** ions in the environment, the lower the rate at which
silica diffuses out of the grain and the higher the rate at which cations like Na*,

K*, and Ca** penetrate into the grains. Expansion occurs when the amount of
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cations entering a grain exceeds the amount of silica (SiO,) diffusing out. In

summary, a concentration of lime [{Ca(OH),] around the grain controls the

relative rates of diffusion in and out of the reactive grains. Experiments by
‘Struble23 and Kilgour!2 support Chatterji’s hypothesis that the presence of

calcium hydroxide is essential to the ASR process.

Wang and Gillot14 presented another hypothesis which basically agrees
with the Powers-Steinour hypothesis3 but with some significant changes. In
explaining the mechanism, the function of lime [Ca(OH),] in the alkali-silica
reaction and expansion is emphasized. They reported two main functions of
lime in causiﬁg expé.nsion; lime acts as a buffer to maintain a higher pH; i.e., a
high concentration of hydroxyl ions in pore solutions, and calcium ions may
exchange for alkali ions on silica gel, leading to further production of expansive
alkali-silica gel. Four steps involved in the alkali-silica reaction and expansion

are also explained.

Many papers have been written presenting various explanations of the °
ASR expansion phenomenon. They have presented comparisons of various
properties of mortars with and without pozzolanic substitution. Some of the

observations are summarized below.

A long term study (16 years) by Bhatty, et al® found that the amount of alkali
retained in the paste depends on the nature and amount of pozzolan used in
blended cement. They found that 95% of the total alkali can be retained in
the blended cement paste compared to only 15% of the total alkali in portland
cement paste. The amount of alkali retained in blended cement pastes
| increased as the amount of calcium hydroxide decreased. The decrease in the
amount of calcium hydroxide was caused by the reaction with pozzolan and

subsequent formation of calcium silicate hydrate.
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Nixon and Pagel5 reviewed the progress made in explaining the phenomena
associated with alkali-aggregate reactions in terms of pore solution
composition. They discussed the role of pozzolanic materials in mitigating the

€xXpansion due to alkali-aggregate reaction.

Lonquet, et all8 found that in cement paste the hydroxyl, sodium and
potassium ion concentrations increased to a maximum between 7 and 28 days
and then remained constant or decreased slightly. The calcium concentration

in the pore solution decreased with time.

Page and Vennesland,? and Diamond10 reported the results of substituting
silica~-fume for different proportions (0-30%) of high alkali portland cements,
'The results indicate that marked reductions in sodium, potassium and
hydroxyl ion concentrations of the pore solution can be achieved with
silica -fume even at low levels of cement substitution (5-10%). A fine, highly
pozzolanic flyash with a low alkali content substituted for a portion of high
alkali cement will also be very effective in mitigating the alkali-aggregate

reaction,

Diamond 16 reported the effect of time in relation to the effectiveness of ashes.
Their results showed that flyashes begin mitigating the alkalj aggregate

reaction expansion after 28 days.

Gillott17 reported that for ASR the reaction increases with temperature from a
minimum at 10°C to a maximum at 38°C, Beyond 38°C, the reaction slows
until no significant eéxpansion can be observed at 60°C. Working with
synthetic glasses, he showed that the nature of the cations has a marked effect

on the expansive behavior of these materials when used as aggregate in mortar.






Josef Farbiarz, et alll presented data to show that the degree of alkali-
aggregate reactivity in concrete increases as the alkali content of portland
cement increases. Further, they observed that there is a cement replacement
percentage below which the flyash actually increases expansion and above

which the flyash begins to mitigate expansion.
1.3 SCOPE OF RESEARCH
The objectives of the study were as follows:

1. Evaluate the effectiveness of mineral admixtures in preventing excessive

expansion in PCC concrete due to reactive aggregates available in California.

2. Determine length changes in concrete due to alkali reactivity with various

California aggregates.

3. Provide further information on the adequacy of the existing flyash
specification to ensure satisfactory performance of concrete containing

flyash, particularly its ability to resist alkali-silica reaction expansion.

4. Establish practical guidelines in a form useful to field engineers for the
selection and use of flyash and other pozzolanic materials in concrete for the

mitigation of alkali-silica reaction expansion.
5. Measure the creep strain of concrete containing mineral admixtures.

6. Determine whether the current guidelines for creep and shrinkage of
conventional concrete are applicable to concrete containing mineral

admixtures.






CHAPTER 2
EXPERIMENTAL PROGRAM

2.1 EXPERIMENTAL PROGRAM

Four sets of mortar samples were made during the period from January 1987
to August 1991. The first two sets were cast using Pyrex aggregate meeting the
grading requirement of ASTM C 441. The third set was made using natural
aggregates (Packway and Cal-Mat). The portland cement used was from a
single lot of Kaiser Type Il cement with 0.25% alkali content (Na,O equivalent).
Portland cements with 0.60% and 1.0% alkali contents were prepared in the
laboratory by adding sodium and potassium carbonates to the above cement.
Mortar bars of size 25.4 x 25.4 x 285 mm were prepared, stored in sealed
containers at 37.8  1.7°C and measured for length changes as described in
ASTM C 227. The fourth set of mortar samples was made using Pyrex glass

aggregate and a different Type II portland cement..’
22 MATERIALS, TEST PROCEDURE AND RESULTS — SET 1

A total of 23 mortar mixes was made in Set 1. Three bars were cast from each
mix. Pyrex glass aggregate complying with the grading given in ASTM C 441-
89 was used in the mixes. Mix proportions were 400 grams of portland cement
and pozzolan, 900 grams of graded Pyrex glass and sufficient water to produce
a measured flow of 100 to 115 as determined in accordance Wit‘h test method
ASTM C109. The water/cement ratio varied from 0.56 to 0.63. Five pozzolanic
materials were used at 15% and 30% replacement of portland cement by
weight. One each of Class F and Class C flyashes and three natural pozzolanic
materials described as Class N were used. The physical and chemical

properties of these materials are presented in Table 1. The sources of the
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mineral admixtures are presented in Table 2. The length changes of the mortar
bars were measured at 14 to 180 days of storage. The test results are reported

in Table 3. Figures 1.1 to 1.6 show the lineal expansion with time.

CONTROL SAMPLES (NO MINERAL. ADMIXTURE)

Control samples were cast from portland cement of different alkali contents.
Expansion of samples made with 0.6% and 1.0% alkali cement was measured
as 0.0367% and 0.2200% at 14 days, respectively. Expansion of mortar
bars increased with storage time and increase in cement alkali content. The
expansion at 6 months was observed to be 0.018%, 0.200%, and 0.468% for
cements with alkali contents of 0.25%, 0.60%, and 1.0%, respectively. Early
‘expansion, at 60 days, of mortar sampies made with cement of alkali contents

of 0.6% and 1.0% were measured to be 0.152% and 0.433%, respectively.

FLYASH (CLASS F)

The results show that expansion increases with time and increase in alkali
content. At 15% replacement of cement, the expansion at 6 months was
observed to be 0.025%, 0.23%, and 0.30% for cements with alkali contents of
0.25%, 0.60%, and 1.0%, respeétively. Early expansion, at 60 days, of 1.0%
alkali cement with 15% replacement was measured to be 0.26%. There is a
reduction of expansion at 1.0% alkali content, but at 0.25% and 0.60% alkali
contents, there is no change in expansion at 60 days when compared to control
samples. However, at 30% replacement of cement with an alkali content of

0.6%, expansion was 0.06% at 180 days.

FLYASH (CLASS C)

At 15% replacement of cement, the expansion at 6 months was observed to be
0.21%, 0.37% and 0.42% for cements with alkali contents of 0.25%, 0.60% and
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1.0%, respectively. Early expansion, at 60 days, was observed to be 0.30% and
0.37% for 0.60% and 1.0% alkali cements, respectively. At 30% replacement of
cement with an alkali content of 0.6%, expansion was 0.35% at six rﬁonths.
There is an increase in expansion in all cases when compared to the control

samples.

NATURAL POZZOLAN (CLASS N)

Lassenite, Cushenbury, and Carson City pozzolans were used as part
replacement of portland cement in mortar mixes. At 15% replacement of
‘cement by Lassenite pozzolan, the expansion at 6 months were observed to be_
0.022%, 0.027%, and 0.095% for cements with alkali content of 0.25%, 0.60%,
and 1.0%, respectively. At 15% replacement of cement by Cushenbury
pozzolan, expansion at 6 months was observed to be 0.045%, 0.030%, and
0.042% for cements with alkali contents of 0.25%, 0.60% and 1.0%,
respectively. With 30% replacement, very low six month expansions of 0.017%
and 0.023% were measured for cement with an alkali content of 0.6% for
Lassenite and Cushenbury pozzolans, respectively. The chemical composition

of Lassenite and Cushenbury pozzolans showed that they had low calcium

oxide contents (less than 2%) and high silicon dioxide (SiO,) content (more

than 70%).

The opposite tfend was observed with Carson City pozzolan replacement of
cement. With 15% replacement, six month expansion was measured to be
0.023%, 0.183%, and 0.308% for cements with alkali contents of 0.25%, 0.60%
and 1.0%, respectively. These values showed that 15% replacement is not
effective in lowering the expansion. However, at the 30% replacement level, a

very low expansion of 0.03% was measured at six months. This pozzolan had a

high total alkali content of 6.8% (Na,O equivalent).






23 MATERIALS, TEST PROCEDURE AND RESULTS — SET 2

" A total of 43 mixes was made in Set 2. A water/cement ratio of 0.51 was used

for the mortar mixes.

A total of five pozzolénic materials was used for 15% and 30% replacement of
portland cement by mass. Two were Class F flyashes, two were natural
pozzolans (Class N), and one was a Class C flyash. The physical and chemical
properties of these materials .are included in Table 1. The samples were stored

in sealed containers at 37.8 £+ 1.7°C in accordance with ASTM C 227.

The length changes of these samples were measured for vérious times up to
18 months. The test results are presented in Table 4. Figures 2.1 through 2.6

illustrate the lineal expansion with time.

CONTROL (NO MINERAL ADMIXTURE)

The test results showed that expansion of control mortar bars increases with
time and increase in alkali content of the cement. The expansion at 180 days
was observed to be -0.006%, 0.068% and 0.293% for cements with alkali
contents of 0.25%, 0.60% and 1.0%, respectively. The early expansion up to
60 days was observed to be rapid and then continued increasing gradually to

18 months.

FLYASH (CLASS F)

At 15% replacement of cement by Bridger flyash, the expansion at 180 days
was observed to bhe 0.020%, 0.085% and 0.165% for cements with alkali
contents of 0.25%, 0.60% and 1.0%, respectively. The expansion gradually
increased with time to 540 days. At 1.0% alkali content, there was reduction

in six month expansion from 0.293% to 0.165% by replacing 15% of cement.
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With 30% replacement of cement, the expansion at 180 days was recorded to
be 0.03% for cement with alkali content of 0.6%. This expansion value is less

than half that of 15% replacement and the control value.

With 15% replacement of cement by Valiny flyash, the samples showed much
more expansion than the control samples at all cement alkali levels. The
expansion at 180 days was observed to be 0.181%, 0.244% and 0.325% for
cements with alkali contents of 0.25%, 0.60% and 1.0%, respectively. Early
expansion was observed to be rapid and this was followed by a steady increase.
Even with low alkali {0.25%]) cement, the expansion increased from 0.006% to
0.181% with the use of Valmy flyash replacement. A 30% replacement of
cement with alkali content of 0.6% showed expansion of 0.276%, which is still
Ahigher than at 15% replacement. This increase in expansion may be due to the
fact that the chemical composition of Valmy flyash shows a high percentage of

calcium oxide — see Table 1.

FLYASH (CLASS C)

With a 15% replacement of cement by 4th Street Rock flyash, the expansion at
180 days was recorded to be 0.159%, 0.264% and 0.220% for cements with
alké.li contents of 0.25%, 0.60% and 1.0%, respectively. Early expansion up to
120 days was observed to be very high, as can be seen in Figure 2.4. There
was a rapid increase in expansion with the use of 4th Street Rock flyash, which
has a calcium oxide (CaQO) content of 31%. The expansion with 30%
replacement of cement (alkali content of 0.6%) was observed to be 0.278% at
180 days. This expansion is greater than that for 15% replacement of cement
and also much greater than that for the control samples This shows that
replacement of portland cement with this Class C flyash increases expansion in

proportion to the addition rate of this Class C flyash.
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POZZOLAN (CLASS N)

Lassenite and Cushenbury, natural pozzolanic materials, were also used for
partial replacement of portland cement. The expansion at 180 days with 15%
replacement of cement by Lassenite was measured to be -0.013%, -0.002% and
0.03.5% for cements with alkali contents Of, 0.25%, 0.60% and 1.0%,
respectively. The expansion values at 180 days with 15% replacement of
cement by Cushenbury were -0.006%, -0.007% and 0.027% for cements with
alkali content of 0.25%, 0.60% énd 1.0%, respectively. With 30% replacement
~of cement by Lassenite and Cushenbury, shrinkage of -0.005% and -0.011%,
respectively, were observed at 180 days. The above results show that these

Class N pozzolanic materials are effective in controlling ASR expansion.
24 COMPARISON OF TEST RESULTS OF SET 1 AND SET 2

Set 1 samples were made with a constant flow and a water/cement ratio
varying from 0.56 to 0.63. Set 2 samples were cast at a constant Watér cement
ratio of 0.51 but with different flows. All Set 1 mixes contained more water
than Set 2 mixes. A comparison of the two sets of samples shows higher
expansions in Set 1 samples than Set 2 samples. This suggests that a higher
water cement ratio yields greater expansion when all other variables remain the

same.

When expansion results are compared, it can be seen that the two sets of
samples are very similar with regard to the different pozzolanic materials and
their various replacements of portland cem;snt. Control samples made with
portland cement with alkali contents of 0.6% and above showed expansion
greater than 0.1%. Expansion was rapid for the first 90 days and then
increased gradﬁally from 90 to 180 days. Class F flyashes at replacement
levels of 30% were found to be effective in reducing expansion with a cement

12
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alkali content of 0.60%. Valmy flyash, With‘a high CaO content, was an
exception, showing a greater expansion than that of the control samples when
cement was replaced in proportions of 15% or 30%. Expansion increased with
an increase in cement replacement . Class C flyash up to 30% replacement
level showed high expansion for cements with alkali contents of 0.25%, 0.60%
and 1.0% in both sets of samples. Class N pozzolanic materials were observed

to be very effective in reducing ASR expansion in both sets of samples.

25 MATERIALS, TEST PROCEDURE AND RESULTS — SET 3

Type Il Kaiser portland cement with an alkali content of 0.60% (Na,O

equivalent) was used for making 51 mortar mixes. Two bars were made from
each mix. Two types of natural aggregate were used, Packway (Burney pit)
which was classified as potentially deleterious and Cal-Mat (Upland pit)
which was innocuous per ASTM C 289. The grading of these aggregates was
in accordance with ASTM C 227. A control mix (no pozzolan) of 300 grams
of portland cement and 675 grams of aggregate was made. Six pozzolanic
materials were used at 15% and 30% replacement of portland cement (by
mass). Two were Class F flyashes, two were Class. N natural pozzolanic
materials, one was Class C flyash and one was silica fume. The flow of these
mixes was held in the range of 105-120 with a varying water/cement ratio.
The samples were made and stored in accordance with the test procedure
outlined in ASTM C 227. The length changes were recorded at durations of
14 days,and 1, 2 ,'3 4,6.,7.,9,12, and 21 months of storage. The test results
are presented in Table 5. Figures 3.1 to 3.7 show the relationship between

lineal expansion and time.
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CONTROL (NO POZZ0OL AN}

The expansion of the mortar bars at 640 days with Packway and Cal-Mat
aggregates was recorded to be 0.0535 and 0.0345%, respectively. Packway
aggregate, which is considered a potentially deleterious aggregate, showed
higher expansion than Cal-Mat, an innocuous aggregate. Initial expansion up
to 270 days was observed to be rapid followed by a slow increase to 640 days

(Figure 3.1).
FLYASH (CLASS F)

The expansion of mortar bars made with Packway aggregate using Navajo Ash
‘and Bridger Ash at 15% replacement of cement was recorded to be 0.049% and
0.058% at 640 days, respectively. The expansion of mortar bars made with
Cal-Mat aggregate and Bridger Ash at 15% replacement of cement was
observed to be 0.056% at 640 days. The expansion of samples with 30%
replacement of cement with Bridger ash using Packway or Cal-Mat aggregate

was measured to be 0.039%.

NATURAL POZZOLANS (CLASS N)

The .mortar samples with Packway aggregate showed expansion of 0.051% and
0.052% using Cushenbury Volcanic ash and Lassenite pozzolan, respectively;
with 15% replacement of cement at 640 days. The expansion of mortar bars
made with Cal-Mat aggregate and Lassenite pozzolan (15% replacement of
cement) showed expansion of 0.044% at 640‘ days. The expansion of mortar
bars made with Packway and Cal-Mat aggregates and using Lassenite
pozzolanic material at 30% replacement of cement was recorded to be 0.066%

and 0.067%, respectively, at 640 days. The above expansion results show that
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expansion with 30% replacement of cement wi